Abstract. Studies have reported that taxol (TAX) is an effective drug for the treatment of colorectal cancer; however, its application inevitably results in drug resistance. Overexpression of Yes-associated protein (YAP) is considered one of the factors that cause TAX resistance, which may be inhibited by verteporfin (VP) treatment. The present study aimed to confirm the role of YAP in TAX resistance and to investigate whether the drug sensitivity of the TAX-resistant LOVO/TAX cell line to TAX is affected by VP treatment. The role of YAP in TAX resistance was first determined through vector-mediated overexpression and inhibition of YAP in cells. Reverse-transcription quantitative polymerase chain reaction and western blot analysis were performed for detection of associated mRNA and protein, respectively. An MTT assay was used to detect the drug sensitivity of cells to TAX. The results suggested that compared with that in the native LOVO cell line, YAP expression was significantly increased in LOVO/TAX cells. YAP gene silencing markedly enhanced the drug sensitivity of LOVO/TAX cells to TAX and, on the contrary, the drug sensitivity notably declined when YAP was overexpressed in LOVO cells. The results indicated that YAP gene expression and TAX resistance were correlated. VP treatment suppressed YAP expression and increased the drug sensitivity of LOVO/TAX cells to TAX in a dose-dependent manner. In addition, compared with VP alone, VP and TAX combination therapy had a greater inhibitory effect on YAP expression. VP treatment enhanced the drug sensitivity of LOVO/TAX cells to TAX through inhibiting YAP expression.
Introduction
Colorectal carcinoma (CRC) is the third most frequent cancer in males and the second most frequent in females worldwide. Approximately 1.4 million cases were newly diagnosed and ~700,000 patients died from CRC in 2012 (1) . Tumor progression and metastasis were the major causes of the death of CRC patients. At present, surgery and chemotherapy or Chinese medicine treatment are the major clinical treatments for CRC (2) . However, although surgery is an effective method for CRC treatment, total resection of the lesion is not possible and chemotherapeutic treatment for CRC frequently results in drug resistance, which currently represents a challenge in CRC treatment.
Yes-associated protein (YAP) is a key effective factor of the Hippo signaling pathway. As a newly discovered cell signal transduction pathway, the Hippo signaling pathway has important roles in regulating the volume and size of organs (3, 4) . YAP upregulation has been identified in various cancer types, including ovarian, lung, liver, gastric and prostate cancer and it has been associated with tumor progression and sensitivity to chemotherapy, indicating that YAP participates in tumor development (5) (6) (7) (8) (9) . YAP has been reported to contribute to the resistance of various cancer types to chemotherapy drugs (10) .
As one of the most effective anti-tumor agents, taxol (TAX) has been deeply researched and widely used for cancer treatment, particularly of ovarian and breast cancers. However, its function is often limited by drug resistance. Studies have indicated that the function of YAP as a transcription factor may be suppressed by TAX and YAP upregulation reverses this suppression (11) (12) (13) .
Verteporfin (VP), a member of the porphyrin family, is clinically used in the treatment of neovascular macular degeneration (14) . It has been suggested that VP may suppress hepatoma cell growth without photo-activation through suppressing the YAP-TEA domain protein (TEAD) complex (15) . Thus, the present study hypothesized that YAP suppression caused by VP treatment enhances the drug sensitivity of TAX-resistant colorectal cancer cells to TAX, which may provide a novel scientific approach for improving the clinical application of TAX.
The present study aimed to investigate whether the sensitivity of the TAX-resistant colorectal cancer cell line LOVO (LOVO/TAX) to TAX may be enhanced by VP treatment. 
RNA isolation and reverse-transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA from cells was extracted with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Complementary DNA was generated by using the PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan).
Real-time PCR was performed by using the SYBR ® Premix Ex Taq™ II (Takara Bio, Inc.) and all reactions were performed in triplicate under the following conditions: 95˚C for 10 min, followed by 37 cycles at 95˚C for 15 sec and 72˚C for 30 sec. GAPDH was used as an internal control. The 2 -∆∆Cq method was used for calculation of the relative gene expression levels (16) . The primers used for real-time PCR are listed in Table I .
Statistical analysis. Experiments were performed for at least three times. SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. Values are expressed as the mean ± standard deviation. Statistical comparisons between groups were made by analysis of variance with the Student-Newman-Keul post hoc test or Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

YAP expression levels are positively associated with the drug resistance of LOVO cells to TAX.
To investigate the association of YAP levels and the resistance of LOVO cells to TAX, the expression levels of YAP were determined in LOVO cells and LOVO/TAX cells. Compared with those in LOVO cells, the YAP expression levels were significantly higher in LOVO/TAX cells at the mRNA and the protein level (Fig. 1) .
Next, in order to determine the effect of YAP expression on the sensitivity of LOVO/TAX cells to TAX, YAP was inhibited by YAP siRNA. The results indicated that the expression levels of YAP were significantly inhibited in LOVO/TAX cells by YAP siRNA at the mRNA and the protein level ( Fig. 2A and B) and YAP inhibition notably enhanced the sensitivity of LOVO/TAX cells to TAX (Fig. 2C ). In addition, the effect of YAP overexpression on the sensitivity of LOVO cells to TAX was examined and the results indicated that YAP overexpression significantly reduced the sensitivity of LOVO cells to TAX (Fig. 3) .
VP increases the sensitivity of LOVO/TAX cells to TAX by downregulating YAP expression.
Since VP has been recognized as an effective YAP inhibitor, the present study assessed whether VP increased the sensitivity of LOVO/TAX cells to TAX by inhibiting YAP. The results indicated that TAX (3 µM) had no significant influence on YAP expression, while VP inhibited YAP expression in a dose-dependent manner and YAP expression was inhibited by VP and TAX combined. Furthermore, at the highest concentration of VP, the expression of YAP was further decreased by TAX addition (Fig. 4) .
The results also indicated that Bcl-2 family proteins were involved in the effect of VP on LOVO/TAX cells. Western blot analysis suggested that TAX (3 µM) had no influence on the Bcl-2/Bax ratio, while VP reduced the Bcl-2/Bax ratio in a dose-dependent manner and the Bcl-2/Bax ratio was also inhibited by VP and TAX in combination. The addition of VP enhanced the sensitivity of LOVO/TAX cells to taxol (Fig. 4) .
As YAP is overexpressed in the TAX-resistant cell subline LOVO/TAX, it was tested whether YAP inhibition by VP increased the sensitivity of LOVO/TAX cells to TAX. The MTT assay revealed that the increased TAX concentration had no effect on cell proliferation in the 0 µM VP group. However, decreased cell proliferation was observed in VP (3 and 5 µM) groups. Therefore, VP enhanced the sensitivity of LOVO/TAX cells to taxol. The results also revealed that VP alone had no impact on cell proliferation in the 0 µM TAX group (Fig. 5) .
Discussion
TAX is an anti-microtubule drug, which may be used in the treatment of a variety of tumors by promoting tubulin polymerization, inhibiting depolymerization, maintaining tubulin stability and inhibiting cell mitosis. As a novel anti-tumor drug, TAX and other microtubule-targeting drugs, have been frequently applied in chemotherapy in recent years. At present, TAX is used for treating ovarian, breast, lung and gastrointestinal cancer, as well as leukemia and has produced encouraging results (17) . However, drug resistance has always been the bottleneck of its clinical application. For instance, in gastric cancer treatment, TAX, whether applied as a single-agent or combination therapy, may provide a benefit for patients (18) . However, ~30% of patients do not benefit from TAX treatment. Therefore, it is critical to explore novel strategies to reverse or mitigate drug resistance.
A previous study reported that overexpression of YAP promotes TAX resistance in ovarian cancer cells (19) . Pan et al (10) reported that YAP was more strongly expressed in HCT-8/T than in HCT-8 cells and that TAX resistance was correlated with the level of YAP expression. Accordingly, YAP may have a similar role in the LOVO colon cancer cell line. The present study revealed that, compared with the LOVO cell line, the expression levels of YAP were significantly higher in LOVO/TAX cells. YAP inhibition notably enhanced the sensitivity of LOVO/TAX cells to TAX and ectopic overexpression of YAP significantly reduced the sensitivity of LOVO cells to TAX. These results indicated that overexpression of YAP in colon cancer LOVO cells induces resistance to TAX and that inhibition of YAP reverses it. This result was consistent with that of the previous study.
VP is widely and safely used in the treatment of neovascular macular degeneration as well as certain human tumors (15) . VP represses YAP expression without light activation by preventing the YAP-TEAD growth pathway. Therefore, VP may reverse the drug resistance caused by YAP overexpression. The results of the present study suggested that VP inhibited YAP expression in a dose-dependent manner and dose-dependently increased the sensitivity of LOVO/TAX cells to TAX. These results revealed that VP reverses the drug resistance caused by YAP overexpression.
In conclusion, the present study indicated that VP treatment enhanced the sensitivity of LOVO/TAX cells to TAX and thus reversed drug resistance, through inhibiting YAP expression.
